contrasting Hg mining sites during a complete rice-growing season to quantify the distribution and 23 origin of Hg species in the rice paddy. The relative contribution of different Hg vectors to the surface 24 pool of soil Hg was subsequently estimated. The primary objectives of our study were to 1) investigate 25 the speciation and distribution of Hg in the paddy soil, and 2) to assess the primary source and 26 mechanism for transformation of Hg species within paddy soil at a Hg mining area. Documenting Hg 27 cycling in rice paddy ecosystems within Hg mining areas is an important step towards better assessing 28
The concentration of total gaseous mercury (TGM, Hg 0 ) in ambient air at both Gouxi and Wukeng was 18 measured in the field at each sampling time using an automated Hg vapor analyzer (LUMEX, RA-915 + , 19
Ohio Lumex Co., Twinsburg, OH) with detection limit of 2 ng m -3 . The average Hg 0 concentration 20 during a 10 s interval was quantified and stored in a portable computer. At each sampling time, 21 measurements were carried out continuously for at least one hour period; therefore, 360 data points (10 22 s reading) were collected at each location at each sampling time. 23 An integrated bulk precipitation sampler based on the design of Guo et al. (2008) was used in the field 24 to quantify the concentration of Hg in cumulative precipitation (Oslo and Paris, 1998) . Both dry and wet 25 atmospheric deposition were collected concurrently with the TGM measurement once every 20 days 26 using this sampling method. Samples collected at each site were poured into two 100 mL pre-cleaned 1 borosilicate glass bottles for direct and unfiltered total Hg (HgT unf ) and total MeHg (MeHg unf ) analysis. 2
Irrigation water and paddy water 3
Samples of irrigation water at both Gouxi and Wukeng were collected at rice paddy inlets on Days 20, 4 40, 60, and 80. All water samples were collected by hand using ultra-clean handling protocols and 5 stored in acid-cleaned borosilicate glass bottles. Each bottle was rinsed three times with irrigation water 6 on site before sample collection. Filtered samples were collected on site using a 0.45 µm disposable 7 polycarbonate filter unit (Millipore), and subsequently analyzed for dissolved total Hg concentrations 8 (HgT f ) and dissolved MeHg concentration (MeHg f ). In addition, unfiltered irrigation water samples 9
were siphoned into pre-cleaned borosilicate glass bottles using a disposable syringe and analyzed for 10 total Hg (HgT unf ) and MeHg (MeHg unf ). 11
Paddy water (overlying water) and corresponding soil pore water samples at both Wukeng and Gouxi 12 were collected at the centre of the two plots on Days 20, 40, 60, and 80, simultaneously with the 13 irrigation water collection. Firstly, an undisturbed soil core was collected at each sampling site by 14 pushing a pre-cleaned 6-cm diameter polycarbonate core tube into the soil to approximately 20 cm 15 depth. The paddy water (0-8 cm above the soil surface) in the core tube was siphoned into a 200 ml pre-16 cleaned borosilicate glass bottles. One aliquot of the paddy water was then filtered into a 100 ml pre-17 cleaned borosilicate glass bottle using a 0.45 µm disposable polycarbonate filter unit (Millipore), and 18
subsequently analyzed for HgT f and MeHg f . A second aliquot of paddy water for HgT unf and MeHg unf 19 analysis was immediately transferred into another 100 ml pre-cleaned borosilicate glass bottle. 20
General Water Quality Characteristics of irrigation water and paddy water including pH, dissolved 21 oxygen (DO) concentration, and temperature (T) were measured in situ using a portable analyzer. All 22 water samples were promptly acidified on site to 0.5% (v/v) using adequate volumes of ultra-pure 23 concentrated hydrochloric acid (HCl). The sample bottles were then capped, sealed with Parafilm ® , 24 double-bagged, transported to the laboratory in an ice-cooled container to the lab within 24 h. Prior to 25 Hg analysis, samples were stored in a refrigerator at +4 ºC in the dark. 26
Soil pore water (liquid phase) and soil core (liquid phase+solid phase) 1
The soil cores were immediately sliced on site into 2 cm intervals using a plastic cutter in an oxygen-2 free glove box under argon. The soil samples were placed in acid-cleaned 50-ml plastic centrifuge tubes, 3 capped and sealed with Parafilm ® . All samples were transported in an ice-cooled container to the lab 4 within 24 h and stored at 3-4 °C for further laboratory processes. Following centrifugation (30 min, 5 3000 r min -1 , and 5 °C), the samples were returned to the glove box where the pore water was then 6 filtered through 0.45 µm disposable nitrocellulose filter unit. The filtrate was stored in borosilicate glass 7 bottles and divided for HgT f and MeHg f analysis. The water content of soil cores was estimated by 8 weight loss. 9
.At each sampling site and at each sampling time a second soil core was collected, and immediately 10 placed into liquid nitrogen. This second set of soil cores was transported in a liquid nitrogen-iced 11 container to the lab within 24 h and then sliced at 2 cm intervals. The sliced soil cores were then freeze-12 dried, prior to homogenisation to 200 mesh with a mortar and pestle for analysis of total Hg (THg) and 13
MeHg. The concentration of each Hg species in this second set of soil cores is therefore the sum of both 14 liquid and solid phase. Precautions were taken to avoid cross-contamination during sample processing; 15 the mortar and pestle were thoroughly cleaned after each sample with drinking water followed by 16 deionized water rinses. The powdered samples were subsequently packed into plastic dishes, sealed in 17 polyethylene bags and stored in a refrigerator within desiccators for subsequent laboratory analysis. 18
Sample analysis 19
All reagents used in this study were of guaranteed quality purchased from Shanghai Chemicals Co. 20 (Shanghai, China). 21
Total Hg and MeHg in soil samples 22
For THg analysis, a soil sample (0.1-0. 
Quality control 21
Quantification for THg and MeHg in soil and water samples was conducted using daily calibration 22 curves with the coefficient of variation (r 2 ) ≥ 0.99. Quality control and assurance measurements for all 23 analytes were performed using triplicates, method detection limits, field blanks, matrix spike recoveries, 24 and certified reference materials. Field blanks of water samples were 0.12 ng L -1 and 0.011 ng L -1 for 25 MeHg in soil samples; 0.02 ng L -1 for THg and 0.01 ng L -1 for MeHg in water samples. The precision 1 and bias for triplicate samples were less than 7.5% for THg and MeHg analysis for both water and soil 2 samples. Recoveries for matrix spikes in water samples ranged from 88 to 108 % for THg analysis, and 3 from 86 to 113% for MeHg. The following certified reference materials were employed: Montana soil 4 reference material analysis are shown in Table 1 . 8
Statistical analysis was performed using SPSS 13.0 software (SPSS). Mercury concentrations in 9 samples are described by the analysed mean ± standard deviation (SD) unless otherwise stated. 10
Relationships between covariant sets of data were subjected to regression analysis. Correlation 11 coefficients (r) and significance probabilities (p) were computed for the linear regression fits. 12
Differences are declared as significant for p< 0.05. Kolmogorov-Smirnov test (K-S) and Kruskal-Wallis 13 test (K-W) were processed for comparing the significant difference between the two or more 14 independent datasets. 15
3 Results and Discussion 16
Mercury in ambient air and precipitation 17
The average TGM concentration in ambient air over the 100 days rice season at Gouxi (403±399 ng m -3 ) 18 was significantly higher than that at Wukeng (28±13 ng m -3 ) and the regional background (6.2±3.0 ng 19 m -3 ) ( Table 2 ). Serious Hg contamination of air was therefore observed at Gouxi during the monitoring 20 period. The elevated TGM concentration in ambient air at Gouxi compared to Wukeng and the regional 21 background area (Huaxi) is attributed to the emission of TGM from nearby artisanal Hg smelters (Meng 22 et al., 2010; Li et al., 2008 Li et al., , 2009 ). 23
During the rice growing season, the HgT unf concentration in precipitation at Gouxi was highly elevated 24 (mean=2599±1874 ng L -1 ), and 1-3 orders of magnitude higher than that recorded for Wukeng 25 (mean=445±296 ng L -1 ) and the regional background concentration at Huaxi (mean=27±17 ng L -1 ) 26
( Table 2 ). The relative concentration of Hg in precipitation between the three sites was comparable to 27 the concentration of Hg in the ambient air suggesting that elevated Hg in precipitation at Gouxi can be 1 linked to the ongoing Hg smelting activities. Mercury in precipitation is therefore a function of the 2 enhanced flux of both dry and wet deposition of Hg from the atmosphere. 3
The MeHg unf concentration in precipitation collected from the two sites (Gouxi; 0.48±0.20 ng L -1 ; 4
Wukeng: 0.30±0.15 ng L -1 ) was similar to the regional background concentration of MeHg (0.28±0. 14 5 ng L -1 ) in these compartments ( Table 2 ). Furthermore, there was no difference in MeHg unf concentration 6 between the two sampling sites during the rice growing season (K-S, test, p>0.05). These results 7 confirm previous suggestions that atmospheric deposition is responsible for the flux of inorganic Hg but 8 not MeHg to mining areas where artisanal Hg mining is ongoing (Meng et al., 2011). 9
Mercury in irrigation water and paddy water 10
The concentration of Hg in irrigation water and paddy water across the two sampling sites is presented 11
in Table 2 . Paddy fields selected in this study were irrigated with local stream water with a high 12 concentration of Hg due to the contaminated of the streams with calcines and tailings. During the rice 13 growing season, irrigation water at Wukeng had a significantly higher HgT unf (mean=513±215 ng L -1 ) 14
and MeHg unf (1.1±1.7 ng L -1 ) concentration than at Gouxi (mean HgT unf =159±67 ng L -1 ; mean 15
MeHg unf =0.75±0.65 ng L -1 ). Mercury concentrations in irrigation water at both sites were significantly 16 higher than the regional background (p<0.05). 17
Clear differences were observed between the two sites with regard to MeHg concentration and the ratio 18 of MeHg unf /HgT unf in paddy water. The highest values of MeHg unf in paddy water were all observed at 19
Gouxi (mean=5.9±4.4), whereas sampling at Wukeng (mean=0.48±0.63) maintained a relatively low 20
MeHg concentration in paddy water throughout the rice growing season when compared with the 21 corresponding data from Gouxi. The ratio of MeHg to total Hg is recognized as a measure of Hg 22 methylation efficiency (Sunderland et al., 2006) . In our study, the MeHg unf /HgT unf ratio was up to 11 % 23 (MeHg unf /HgT unf ) for paddy water at Gouxi and the mean MeHg unf /HgT unf ratio for this water 24 compartment was significantly higher than the corresponding data for irrigation water (mean=0.71±0.93) 25 and precipitation (mean=0.031±0.028) ( Table 2 ). However, there was no significant difference between 26 the MeHg unf /HgT unf ratios for the various water compartments at Wukeng (K-W test, p>0.05). These results imply active net Hg methylation paddy fields at Gouxi but not at Wukeng. 1 intervals during the rice growing season (Fig. 2) . The distribution of pore water HgT f as a function of 5 depth was different to pore water MeHg f at both sampling sites. The mean concentration of HgT f in 6 pore water samples over the 100 days rice growing season was 142±111 ng L -1 (range: 15-460 ng L -1 ) at 7
Mercury in soil profiles
Gouxi and 180±160 ng L -1 (range: 38-916 ng L -1 ) at Wukeng. The highest concentration of HgT f in pore 8
water was observed at the soil surface layer (top 2cm), and decreased with depth at both sampling sites. 9
The HgT f concentration in pore water at Gouxi was consistent with respect to time, and showed no 10 significant difference between the different sampling dates (K-W test, p>0.05). However, the 11
concentration of HgT f in pore water at Wukeng was time dependent, with the highest concentration in 12 surface layer recorded at Day 20, and the lowest at Day 80. 13
The maximum concentration of MeHg f in soil pore water (15 ng L -1 ) was observed at sampling site of 14
Gouxi, which was approximately 2.3 times higher than the corresponding data (6.6 ng L -1 ) at Wukeng. 15
The MeHg concentration in soil pore water collected from Gouxi was significantly higher than that for 16
Wukeng throughout the 100 days monitoring (K-S test, p<0.01) suggesting different rates of net Hg p<0.001, n=40) but not for Wukeng (r=0.22, p=0.17, n=40) ( Fig. 3 ), suggesting a mechanistic 25 relationship between these two Hg species at the artisanal mining site only.
Mercury in soil cores 1
The concentration and distribution of THg as a function of depth in soil cores at Gouxi and Wukeng is 2 shown in Fig. 4 . Over the rice growing season, the mean concentrations of THg in soil was 3.2±0.75 mg 3 kg -1 (0.88~4.4 mg kg -1 ) and 38±4.8 mg kg -1 (27~48 mg kg -1 ) at Gouxi and Wukeng, respectively. The 4
THg concentration in paddy soil collected from both Wukeng and Gouxi was higher than the domestic 5 environmental quality standard for paddy fields in China (0.5 mg kg -1 ) (GB15618-2008), and 6 considered non-suitable for agricultural or residential use according to the level III criterion (1.5 mg kg -7 1 ) in the Chinese national standard for soil environmental quality. The THg concentration in soil cores 8 showed no significant difference with depth although there was a nominal trend towards decreasing 9 concentration at Gouxi. For all depths the THg concentration in soil was elevated at Wukeng relative to 10 Gouxi, indicating a greater degree of historic contamination at Wukeng as a function of a long period of 11 commercial mining activities. 12
In contrast, the MeHg concentration in soil cores showed significant variation with depth and time ( Fig.  13   4) . The MeHg concentration in soil cores at Gouxi showed a maximum value at the water-soil interface 14 and decreased with depth for sampling from Day 20 to Day 80. For Day 100, however, there was no 15 recorded increase in surface MeHg concentration. We believe this observation reflects active net Hg 16 methylation in the soil surface layer at Gouxi throughout the flooded period (from Day 20 to Day 80). 17
The MeHg concentration in Wukeng soil cores showed very little variation with depth, and the MeHg 18 concentration at this site, for all depths, was significantly lower than at Gouxi (K-S test, p<0.001). 19
Recorded MeHg concentrations at the top of the Gouxi soil profile varied from 0.76 ng g -1 to 6. The profile of MeHg concentration with depth for the Wukeng site indicates limited MeHg production 10 in this soil despite a significantly higher THg concentration when compared with Gouxi. The average 11 concentration of THg in soil cores collected from Gouxi was 1 order of magnitude lower that at 12
Wukeng, whereas the MeHg concentration in soil cores at Gouxi was significantly higher than at 13
Wukeng (K-S test, p<0.001) during the rice growing season. Further comparison reveals that the 14 average MeHg concentration in the surface soil layer (2 cm) at Gouxi was approximately 3 times higher 15 than that at Wukeng. To explain this apparent anomaly, differences in the source and pool of Hg at each 16 site need to be considered. 17 Citing this evidence we propose that Hg derived from atmospheric deposition and irrigation water (with 24 a greater flux for Gouxi) was restricted to the surface soil layer throughout the rice growing season. 25
The relative contribution of different vectors to the surface pool of soil Hg
In order to access the proportional input of the various sources of Hg to paddy fields, we estimated the 1 relative contribution of different Hg vectors (atmospheric-and irrigation-derived Hg, and native Hg) to 2 the surface soil. We chose to select the uppermost 2 cm as the principle sink for new soil Hg which can be either of geogenic and anthropogenic origin. The current study did not attempt to 6 distinguish between these two sources of old Hg. 7
We assume 1) that during the flooded period of the rice growing season, the depth of overlying water 8 remained the same, i.e. that an equilibrium existed between irrigation and water loss; and 2) that all Hg 9 species derived from deposition or irrigation entered into the surface layer of paddy soil and there was 10 no loss. Using these assumptions we derived the following equations to quantify the relative 11 contribution of different sources of Hg to the surface soil layer based on the measured Hg concentration 12 in atmospheric deposition, irrigation water, and soil: 13
where, R p , R w , and R n are the relative contribution of deposition, irrigation, and native sources to the Hg 17 content of the surface soil layer, respectively; M p is cumulative rainfall during the rice growing season 18 (17.76 cm); M w is the amount of irrigation water during the rice growing season (cm); C p and C w are the 19 concentration of Hg (e.g. HgT unf and MeHg unf ) in deposition and irrigation water (ng L -1 ); C s is the 20 concentration of Hg species (e.g. THg and MeHg) in the surface soil layer (ng g -1 ); W is the mass of the 21 specific surface soil layer (g); and A is the cross-sectional area of the soil core (cm 2 ). 22
The amount of the irrigation water during the rice growing season can be calculated using the following were calculated and are presented in Table 3 . The MeHg content of the surface soil attributable to 7 atmospheric deposition (Gouxi=3.32 mg ha -1 ; Wukeng=2.07 mg ha -1 ) and irrigation (Gouxi=1.33 mg 8 ha -1 ; Wukeng=3.02 mg ha -1 ) was orders of magnitude smaller than the amount of native MeHg already 9 present in the paddy soil (Gouxi=508 mg ha -1 , Wukeng=382 mg ha -1 ). Only 0.65% of total MeHg in the 10 surface soil layer at Gouxi and 0.54% at Wukeng was assessed as being from atmospheric deposition, 11 while 0.79 % of total MeHg at Wukeng and 0.26 % at Gouxi was attributed to irrigation. A similar low 12 contribution of atmospheric deposition at irrigation water was apparent for THg. Our calculations 13 therefore show that despite the highly elevated Hg concentration in atmospheric deposition and 14 irrigation water, the contribution of new Hg (MeHg and THg) from external sources was small because 15 of the relatively large pool of old Hg in soil (Dai et al., 2013) . Therefore, we propose that the dominant 16 source of MeHg to the surface soil layer is in situ methylation of inorganic Hg. 17
Source and mechanism for Hg transformation in paddy field soils 18
The mean concentration of HgT unf in paddy water at Wukeng was 1-2 orders of magnitude higher than 19 that at Gouxi, whereas the MeHg unf concentration in paddy water at Gouxi was approximately 12 times 20 higher than that at Wukeng. Furthermore, the concentration of MeHg in paddy water at Wukeng was 21 significantly higher than that in precipitation, but slightly lower than in irrigation water. The sampling 22 site for the Wukeng paddy was located next to calcine piles and the proximity of this waste had a major 23 impact on water chemistry. Both the irrigation water (pH=11±0.45) and paddy water (pH=8.6±1.3) 24
were alkaline during the rice growing season (Table 4 ). We propose that the alkaline conditions of the 25 irrigation and paddy water at Wukeng could restrain Hg methylation and/or stimulate MeHg 26 paddy water at Gouxi was significantly higher than the concentration in either the precipitation or the 1 irrigation water and this implies active Hg methylation within the Gouxi rice paddy. Both paddy water 2 and irrigation water at Gouxi exhibit a pH that can be considered optimal for Hg methylation (Table 4),  3 favouring net methylation in the paddy fields (Ullrich et al., 2001) . 4
During the rice growing season, HgT unf in paddy water exceeded the EPA water-quality criterion of 50 5 ng L -1 (U.S. EPA, 2000) . No regulatory criterion for MeHg exists, but Rudd (1995) suggested that 6
MeHg above a concentration of 0.1 ng L -1 is elevated and is likely to lead to significant MeHg 7 bioaccumulation. During the rice growing season, photo demethylation can reduce paddy water MeHg. 8
However, the MeHg concentration in both filtered and unfiltered paddy water samples at both sites 9 exceeded 0.1 ng L -1 ( Table 2) Our finding that MeHg concentrations in surface soil at Gouxi were much higher than those at Wukeng 16 indicate that newly deposited mercury can be expected to rapidly methylate after deposition. The peak 17 concentration of MeHg in paddy soil at Gouxi, was at the soil-water interface and decreased with depth. 18 We believe that restricted supply of newly deposited Hg to depths below the soil-water interface is a 19 plausible explanation for the sharply reducing concentration of MeHg with depth at Gouxi; newly 20 deposited Hg is constrained to surface soil and cannot be transferred to lower depth. However, 21 stimulated MeHg production due to favorable geochemical conditions (pH) at Gouxi, while likely of 22 lesser importance, cannot be excluded. 23
The Wukeng site has received significant historic Hg deposition as a function of large scale mining, but 24 is not currently receiving significant inputs of fresh Hg. Atmosphere-derived mercury is physically 25 unstable and bioavailable when it first enters the rice paddy (Hintelmann et al., 2002; Schuster, 2011) . 26
Immediate reactions of this new Hg with soil constituents are governed by adsorption-desorption 27 interactions with soil surfaces (Schuster, 1991) which favour the retention of Hg in the surface layers of 28 the soil profile. Over time this newly deposited Hg will be transformed into more stable, less available 1 forms (Schuster, 1991) , and the net methylation potential of this Hg will consequently decrease. The 
